Abstract-This work analyzes the progressive stiffening of the aorta due to atherosclerosis development of both ApoE 2/2 and C57BL/6J mice fed on a Western (n = 5) and a normal (n = 5) chow diet for the ApoE 2/2 group and on a normal chow diet (n = 5) for the C57BL/6J group. Sets of 5 animals from the three groups were killed after 10, 20, 30 and 40 weeks on their respective diets (corresponding to 17, 27, 37 and 47 weeks of age). Mechanical properties (inflation test and axial residual stress measurements) and histological properties were compared for both strains, ApoE 2/2 on the hyper-lipidic diet and both ApoE 2/2 and C57BL/6J on the normal diet, after the same period and after different periods of diet. The results indicated that the aorta stiffness in the ApoE 2/2 and C57BL/6J mice under normal diet remained approximately constant irrespective of their age. However, the arterial stiffness in the ApoE 2/2 on the hyper-lipidic diet increased over time. Statistical differences were found between the group after 10 weeks and the groups after 30 and 40 weeks of a hyper-lipidic diet. Comparing the hyper-lipidic and normal diet mice, statistical differences were also found between both diets in all cases after 40 weeks of diet, frequently after 30 weeks, and in some cases after 20 weeks. The early stages of lesion corresponded to the first 2 weeks of diet. Advanced lesions were found at 30 weeks and, finally, the aorta was completely damaged after 40 weeks of diet. In conclusion, we found substantial changes in the mechanical properties of the aorta walls of the ApoE 2/2 mice fed with the hyper-lipidic diet compared to the normal chow diet groups for both the ApoE 2/2 and C57BL/6J groups. These findings could serve as a reference for the study of changes in the arterial wall properties in cases of atherosclerosis.
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INTRODUCTION
Atherosclerotic plaque rupture and subsequent myocardial infarction are the most frequent fatal consequences of coronary artery disease. Recent experimental studies have shown that atherosclerosis modifies the mechanical properties of the arterial tissue where inflammatory, biological and mechanical processes act in concert to remodel the arterial wall structure and composition. For example, Ref. 34 provided values of the elastic modulus for different regions of the plaque, but did not compare changes in the wall itself due to the presence of atheroma plaques. Numerous animal species have been used to study the pathogenesis and potential treatment of atherosclerosis lesions. 2, 10, 28, 31, 38 However, since their introduction in the early 1990s, the apolipoprotein E-deficient transgenic mice (ApoE 2/2 ) created by homologous recombination in embryonic stem cells have been the most widely studied animal model for atherosclerosis 7, 24, 45 due to their rapid development of atherosclerotic lesions with histopathological progression, similar to those found in humans. 27 The study of the morphological changes and mechanical properties during atheroma plaque development is particularly relevant to the understanding of the mechanisms of vascular adaptation in response to changes in physical stress. Several studies have investigated the morphological, structural, and biochemical changes of the aorta during development as well as the relation between these changes and the mechanics of the aorta. 8, 21, 23, 42, 44 These studies confirmed that the aorta increases its stenosis ratio, wall thickness, and mechanical stiffness during atherosclerosis.
Most of these studies, however, have been focused mainly on the proximal aorta, and none have systematically characterized the geometrical and mechanical properties along the entire length of the aorta. Guo et al. 15 studied the whole aorta. However they focused on the C57BL/6J strain, and it has been widely reported that ApoE 2/2 mice are the only genetically engineered model that develops extensive atherosclerotic lesions on a chow diet. 22 Regarding the mechanical properties of genetically engineered mice, 1 compared the mechanical properties of young 10-12 week-old ApoE 2/2 mice on a fat-free diet with C57BL/ 6J wild-type mice by extension-inflation mechanical tests. Finally, Refs. 36, 37 performed in vitro mechanical tests on abdominal aorta, ascending aorta, and left common carotid artery from ELN +/2 and wild-type (C57BL/6J) mice and compared the circumferential and longitudinal stress-stretch relationships and residual strains.
The main goal of the present work was to study the progressive change of the mechanical properties of the whole aorta tree in ApoE 2/2 and C57BL/6J strains. For this purpose, experimental inflation tests and noninvasive atherosclerosis lesion evaluations were performed for sets of 5 animals of different strains and diets (3 groups, ApoE 2/2 under hyper-lipidic and normal diets and C57BL/6J under normal diet), each for different periods of diet: 10, 20, 30 and 40 weeks. This made a total of 60 animals studied (n = 5 mice in each age group). At the end of the experiment, the aorta was carefully dissected in order to measure the longitudinal in situ stretch and perform histological analysis.
MATERIALS AND METHODS
All the experiments in this study were performed in accordance with the national ethical guidelines and the directives of the European Council (ETS 123) and European Union (Council Directive 86/609/EEC). They were also approved by the ethics committee of the University of Zaragoza.
Animals

Female ApoE
2/2 (JAX Ò : B6, 129p2-Apoetm1no/ Crl strain) and C57BL/6J mice were used with the latter being the control strain. Only female animals were considered in the experiment to avoid the sex being as another dependent factor in the cross correlations analysis. 35 The mice were housed in a temperature-controlled room with a 12-h light/dark cycle and had free access to water and food. At the age of 7 weeks, randomized ApoE 2/2 mice were fed on a Harlan-Teklad 88137 Western Diet (hyper-lipidic with 21% fat and 0.15% cholesterol) in order to promote the development of atheroma plaque while the other ApoE 2/2 group and all the C57BL/6J mice were given a normal chow diet. All the mice were killed by an anesthetic overdose of sedator (DFV) and imalge`ne (Merial). Specifically, a 0.3 mL dose of sedator, with 1 mg of medetomidine hydrochloride for each mL of product, and 0.23 mL of imalge`ne, with 0.1 g of Ketamine Hydrochloride for each mL of product, were punctured in the heart of each animal using a needle mounted on a syringe. Sets of 5 animals were killed after 10, 20, 30 and 40 weeks of a hyper-lipidic diet for the first ApoE 2/2 group and a normal diet for the second ApoE 2/2 and control groups, making a total of 60 animals studied. The final age of the mice groups were 17, 27, 37 and 47 weeks. The total number of animals subjected to the experiments was 71. However, 6 animals were ruled out due to the dissection process was inadequate or failed (leaks, blockage of the aorta or damaged during dissection or cannulation processes) and 5 mice died before the experiment. Finally a total of 60 animals were analyzed.
Body weight measurements of each animal were performed weekly. The gain in body weight was calculated using the body weight values at the beginning of the diet (i.e., the starting weight at 7 weeks of age) and comparing them with body weight values until the point of sacrifice (17, 27, 37 and 47 weeks of age). After being sacrificed, the specimens were carefully dissected by a veterinary scientist. All the internal organs, from the heart to the iliac bifurcation, were removed in order to have a complete view of the aortic tree. Side branches were ligated and occluded as needed to avoid leaks. The surrounding connective tissue was removed. All the experimental tests and measurements were performed immediately after sacrifice.
Anatomical Analysis
The zones with a high level of atheroma plaque were defined and quantified for both ApoE 2/2 and control mice by means of morphological observations of photographs taken from different perspectives before the experimental inflation test. The area and quantity of atheroma plaque along the axial length surface was established, l i 2 ½0; 1 corresponding to 0 and 100% of the length of the aorta with atheroma plaque. Moreover, these values were normalized from 0 to 1, 0 being assigned to zones without atheroma plaque and 1 assigned to zones with atheroma plaque in the whole aorta. Consequently, a level of atheroma plaque was assigned to the different zones of the aorta and its main branches for each mouse specimen according to the observations made from the photographs using a magnifying glass.
Histological and Immunohistochemistry Analysis
In order to have a global view of the structural microconstituents to determine whether or not the plaque was developed, one section for each zone of each animal sample was washed with normal saline solution at room temperature and subsequently fixed in 10% buffered formaline and embedded in parafin using standard procedures. The histology blocks were cross-sectioned at 4 lm and stained with Hematoxylin and Eosin (HE), Masson's Trichrome (MT) for collagen fibers detection and Immunohistochemistry (IHC) using monoclonal antobodies, such as, CD68 (a marker for macrophages) and vascular endothelial growth factor (VEGF; an endothelial specific growth and chemotactic factor that increased neovascularization in atheroma plaques). Other aortic tissue samples were frozen and sectioned at a cryostat. These frozen samples were stained using an Oil Red-O (ORO) technique for staining neutral triglycerides and lipids.
Briefly, IHC was performed using the Envision Ò system (DAKO, Glostrup, Denmark). Sections were placed in buffered saline solution. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide treatment, and non-specific binding was blocked with 10% horse serum. The slides were incubated with CD68 and VEGF monoclonal antibodies for 1 h at room temperature, followed by incubation with Envision Plus (DAKO) for 30 min. After color development with diaminobenzidine solution, sections were counterstained with Mayer hematoxylin.
Mechanical Properties
Following Refs. 14 and 15, an inflated in situ system was designed in order to measure the pressure-diameter relationship. The experimental setup, which was previously calibrated and is shown in Fig. 1 , consisted of a test cage in which to place the animal, a syringe pump to inject phosphate buffered saline (PBS) into the aorta, a system for generating and measuring pressure consisting of a pressure transducer equipped with a preamplifier and a servo control amplifier for driving the pump (Opsens' OPP-B) with a precision of 0.1% FS (FS: Full scale), a video camera system to measure the radial deformation and, finally, a computer used as an acquisition system. The video system consisted of two Pulnix TM/RM-1405GE Series Gigabit Ethernet cameras to record the whole experiment. The video recorded by these high performance digital cameras, with a 1.4 megapixel sensor (4.65 lm square pixels) and image resolution of 1392 x 1040 at 30 frames/s, enable the posterior measurements of the mouse aorta diameter as well as the reconstruction of the blood vessel.
The aorta from the aortic valve to the common iliac bifurcation was carefully exposed on the anterior portion (dissected away from the surrounding connective tissue), leaving the posterior portion attached. The specimen was placed horizontally in the test cage and was connected to the pump system through its ascending aorta being cannulated with an 18-gauge needle at the beginning of the intercostal aorta. The pressure measurement was calibrated at 0-250 mmHg (0-33.3 kPa, respectively) by means of a Hgmanometer. The pressure transducer was connected to the pressure line between the pump and the specimen at one end and to the computer at the other end. An additional pressure transducer was included on the distal end of the vessel in order to ensure that the pressure was consistent across the length of the vessel. Information on the deformation of the aortic outer diameter was provided by two high resolution cameras mounted at the lateral sides of the test cage. The output signals from the cameras were displayed and recorded on the computer which was used to process all the data obtained in the experiment. Finally, the pump syringe system consisting of a motor to propel PBS inside the mouse aorta was used to control the flow and the pressure (see Fig. 1 ).
The aorta was preconditioned with three cycles from 0 to 200 mmHg. Then, the perfusion pressure (P) was increased in 25-mmHg step increments from 0 to 250 mmHg at 2 mmHg/s 15 and the outer diameter along the trunk of the aorta at each pressure step was recorded. The vessel was divided into a series of short segments (about 3-4 mm length per segment) and the outer diameter-pressure relation for each of the segments was measured. The atheroma plaque development was not uniform along the vessel. Therefore, three different zones of the aorta were studied separately, the upper and lower thoracic and the abdominal aorta. The upper thoracic zone goes from the aortic arch to the ninth thoracic vertebra, the lower thoracic as far as the craneal mesenteric branch and the abdominal part from this branch to the iliac bifurcation. These are represented as zones a, b and c in Fig. 1 . It should be noted that the same experimental protocol was used for all the mice in the study. Furthermore, all the experiments were carried out by the same veterinarian.
The pressure and outer diameter from the in situ protocol were converted to stress and stretch ratios. The mean stretch ratio in the circumferential direction (k h ) was computed as
with d 0 and d i representing the deformed and D 0 and D i the unloaded outer and inner diameters, respectively, d i was computed using the incompressibility condition. 32 Dd mean is the variation of the mean diameter from the unloaded to the loaded configuration and D mean the unloaded mean diameter. Using the thin wall tube hypothesis, the mean circumferential stress was defined as
with h being the mean wall thickness measure from different histologies and plaques and d mean the actual or deformed mean diameter. Peterson's arterial moduli were computed from the pressure-circumferential stretch curves. The in vivo stiffness of the aorta at different pressure levels was used, defined as the slope of the pressure-stretch curve,
Three different moduli were defined depending on the computed pressure levels. Peterson's secant modulus which indicates the global stiffness or E s p (from pressure 0 to 250 mmHg), Peterson's elastic modulus which shows the stiffness at low pressures or E e p (from 0 to 50 mmHg) and Peterson's tangent modulus at high strains which shows the stiffness at high pressures or E t p (from 200 to 250 mmHg). The incremental in vivo Peterson's modulus was also computed as the incremental slope of the pressure-circumferential stretch curve for each pressure step.
In order to measure the in situ axial stretch, separated markers were fixed to the aorta. Longitudinal lengths before and after harvesting were determined by measuring the distance between markers, obtaining the in situ and ex situ dimensions, respectively. Then, the residual axial stretch was computed, defined as the ratio between the in situ and ex situ measured lengths,
. Axial residual stretches were calculated for the whole aorta vessel. The morphological measurements were made using the ImageJ software.
Statistical Analysis
Several statistical analyses were performed to compare the hyper-lipidic ApoE 2/2 and the control ApoE 2/2 and the C57BL/6J mice for each strain at different numbers of weeks. We compared the stretch values at several different pressure levels, (25, 50, 75, 100, 125, 150, 175, 200, 225 and 250 mmHg), as well as the three different modules defined in the previous section and the residual axial stretch. We used a Lilliefors test in order to check the normality of the distribution, and a paired one-tailed Student's t test and a Wilcoxon rank sum test where the data appeared to arise from non-normal distributions. A p < 0.05 was established to indicate statistical significance.
A linear regression analysis was performed between the percentage of external area covered by plaque and the different stiffness moduli. A Pearson correlation Effect of Diet and Age on Arterial Stiffening in ApoE 2/2 Micewas used with a p < 0.01 bilateral level to detect statistical significance. Only the ApoE 2/2 group under the hyper-lipidic diet was studied because the control ApoE 2/2 and C57BL/6 mice group did not present significant atheroma. The studied group consisted of 20 mice, 5 animals for each age.
Possible relations between the axial residual stretch with different stiffness moduli or the plaque percentage area were also studied. A p < 0.05 bilateral was taken to consider statistical correlation between the different variables. Figure 2 shows the gain in body weight (average ± SD) for the hyper-lipidic ApoE 2/2 , normal diet ApoE 2/2 and control mice after different diet times (10, 20, 30 and 40 weeks on a diet, corresponding to 17, 27, 37 and 47 weeks of age). A dependence of the gain in body weight on age was only observed (R 2 ¼ 0:94) for the hyper-lipidic ApoE 2/2 . By contrast, the weight measurements remained practically constant for the control ApoE 2/2 and C57BL/6J mice groups, reflecting the different behavior between animals feeding on a Western-type and a normal diet. No statistical differences were found between different ages in the ApoE 2/2 under normal diet and C57BL/6J mice groups, nor between these groups after the same number of weeks of diet. Comparing the hyper-lipidic ApoE 2/2 and control gain in body weight results, the means were always significantly different (p < 0.0005 for 10, 30 and 40 diet weeks and p < 0.05 for 20 diet weeks), showing again the differences between both groups.
RESULTS
Body Weight Measurements
Anatomical Analysis
The morphological observations confirmed that lesions occurred only in the hyper-lipidic diet ApoE 2/2 mice. Only one mouse from the Control ApoE 2/2 group presented mild lesions along the aorta. No evidence of atheroma plaque development was found in the control mice. The development of atheroma plaque in the ApoE 2/2 mice at different ages is shown in Fig. 3a where the lesion level of atheroma plaque (l) at different zones of the aorta and its principal branches is plotted. The sites with a predilection for lesion development are indicated in red (l = 1) and healthy sitesare plotted in blue (l = 0). Figure 3a shows that the severity of the lesions progresses as the age increases. Atherosclerotic lesions appeared mainly in the bifurcations between the thoracic aorta and its principal branches for the groups of 10 and 20 weeks. The lesion level on the thoracic aorta after these weeks on a diet was low, and very unlikely in the abdominal aorta. However, for the group of 30 weeks, the lesions became more severe and a significant quantity of atheroma plaque was found on the thoracic aorta, right and left common carotid arteries, left subclavian artery, common iliac arteries and again in the aortic intersections. The abdominal lesions began to develop, with an atheroma plaque development probability of 0.5. At this age, lesions were not only found in the aorta, but also in its main branches. Finally, for the last group of 40 weeks of diet, plaques were found along practically all the aorta, the main branches and the intersections. A representative microscopic image of each group is shown in Fig. 3b corroborating the localization of atheroma plaque. Plaques in specimens after 10 weeks of the high-fat diet could barely be found, where l max = 0.4. In contrast, 40 weeks of highfat diet specimens had lesions everywhere, i.e., l max = 1.
The morphogeometric measurements showed that there were no significant changes in the wall thickness with the age of the wild diet groups. For ApoE 2/2 , the thickness (mean ± SD) was 80.83 ± 9.44 mm and 106.15 ± 12.39 mm for the abdominal and thoracic regions, and for the C57BL/6J strain 74.98 ± 8.75 mm and 98.47 ± 11.50 mm for the abdominal and thoracic regions, respectively. The wall thickness of the hyperlipidic diet ApoE 2/2 mice for the abdominal and thoracic regions was 87.02 ± 18.07 mm and 114.28 ± 23.73 mm after 10 weeks, 94.66 ± 6.94 mm and 124.32 ± 9.11 mm after 20 weeks, 123.80 ± 16.64 FIGURE 2. Variation in mouse body weight (mean 6 SD) for each strain at different diet periods (10, 20, 30 and 40 weeks on a diet corresponding to 17, 27, 37 and 47 weeks of age). For the comparisons between groups of the same strain, the means of group n and the groups marked with *-n were significantly different with the probability *p < 0.05, **p < 0.005 and ***p < 0.0005, the ApoE 2/2 indicated by the letter A, respectively. For the comparisons between both strains at the same diet periods, the means which were significantly different were just marked with *p < 0.05, **p < 0.005 and ***p < 0.0005. Figure 4 depicts slices of histological preparations produced by means of HE taken from representative hyper-lipidic ApoE 2/2 mice aged 17, 27, 37 and 47 weeks, respectively. The atherosclerotic aorta microstructure can be clearly observed. Different densities of the collagen, elastin and smooth muscle cells can be observed. The cell nuclei are shown in blue and muscle and connective tissue composed of collagen and elastin are represented in different shades of pink. A higher degree of cellular and extracellular components of atherosclerotic lesions, including cholesterol clefts, are shown for ApoE 2/2 mice after 30 and 40 weeks of diet, whereas no atheroma plaque was found in the histologies of ApoE 2/2 mice after 10 and 20 weeks of diet. As previously mentioned, no atherosclerotic lesions were developed by any of the control mice, thus no histological analyses of these are shown.
Histological Analysis
Representative photomicrographs of the aortic roots of a hyper-lipidic ApoE 2/2 specimen after 37 weeks of diet are illustrated in Fig. 5a . The ORO stained sections show the presence of lipid-rich atherosclerotic lesions, their extent and severity being well illustrated. 30 Oil Red staining revealed atherosclerotic plaque along the full length of the aorta at 40 weeks, distributed mainly in the thoracic aorta and the areas surrounding the branching points.
Collagen fibers stained in blue were clearly observed in the Masson's Trichrome image, Fig. 5b . Disorganized collagen bundles were depicted at the adventitia layer and at the internal lamella of the media layer. However, a pathological area of an extensive collagen deposition was located in the fibrous cap of the lesion surrounding the lipidic core. Some sparse collagen distribution was also present inside the lipid core, showing the progression of the disease, Fig. 5b .
IHC against CD68 antibody showed the presence of macrophage-like cells under the lipid core of the plaque at the tunica media (see magnification in Fig. 5c ). This also demonstrated a clear inflammatory reaction highlighted in some zones of the plaque. CD68 expression was especially higher in the interface between the lipid core and the media layer, evidencing a continuous progression of the plaque. The presence of many macrophages indicates a chronic inflammatory reaction, which is accompanied by changes in the cells and the extracellular matrix of connective tissue.
The presence of VEGF was specially significant under the neointima and at the fibrous cap, see Fig. 5d . As VEGF serves as a marker of the neovascularization and angiogenesis phenomena appearing in the plaque formation, VEGF was detected in plaques after 30 and 40 weeks of hyper-lipidic diet.
Mechanical Properties
The outer diameter-internal pressure relationship for each of the segments was measured. Figure 6 shows the results obtained by plotting the mean and the standard deviation for all specimens. Nine subfigures are depicted, one for each studied zone (upper and lower thoracic and abdominal aorta) of each of the three groups of mice: hyper-lipidic ApoE 2/2 , control ApoE 2/2 and C57BL/6J. In each subfigure, four curves are presented, one for each diet period (10, 20, 30 and 40 weeks). The different behavior of the hyperlipidic ApoE 2/2 mice at different diet periods is noticeable since the circumferential stretch decreased as the mice age increased for all the pressures tested. In contrast, the control ApoE 2/2 and C57BL/6J mice results show similar pressure-stretch curves for all ages. The mean outer diameter is smaller in hyper-lipidic ApoE 2/2 than in control ApoE 2/2 and C57BL/6J arteries for each pressure, including the physiological value of 100 mmHg. 36 Several statistical analyzes were performed analyzing the different mice groups and diet periods. Comparing the results of each strain at different diet periods and for the pressures described above, the hyper-lipidic ApoE 2/2 aorta stiffness increased dramatically as the period of feeding on a Western-type diet increased for all the aortic zones studied (p < 0.05). In contrast, the aorta stiffness for the control ApoE 2/2 and C57BL/6J mice remained practically constant as the diet period increased. Comparing the hyper-lipidic ApoE 2/2 and control groups, the ApoE 2/2 pressure-stretch curve after 10 weeks of diet for the upper thoracic aorta, and 10 and 20 weeks of diet for the lower thoracic and abdominal aorta, were similar to the control curves for the same numbers of weeks (p > 0.05). This showed that a short period on a high fat diet did not significantly affect the mechanical properties of the ApoE Effect of Diet and Age on Arterial Stiffening in ApoE 2/2 Miceshould be highlighted. The upper thoracic aortic was stiffer than the lower thoracic aortic which, in turn, was stiffer than the abdominal aorta. The stiffness in the three zones considered for the control mice remained practically constant. It is important to ascertain whether the differences observed in the stiffness were due to geometrical changes, mainly the thickening of the vessel, or changes in the mechanical properties. To analyze how the intrinsic elastic or mechanical properties of the tissue changed with age and diet, the circumferential stretch ratio vs. circumferential stress curves were calculated and depicted for the different groups. There were no significant differences amongst the control curves for any diet period in any of the three zones studied. However, some differences were found in the stressstretch behavior in hyper-lipidic ApoE 2/2 mice. For the upper thoracic aorta, there were differences between the 10 week diet period and the rest of diet periods (p < 0.05). There were differences between the 30 and 40 week periods for the lower thoracic aorta (p < 0.05), and only 40 weeks for the case of abdominal aorta (p < 0.05), Fig. 7 .
The in situ mechanical behavior of the aorta was also examined to determine how the tangent stiffness changed with different pressure levels when the diet period was increased for both the hyper-lipidic ApoE 2/2 , control ApoE 2/2 and C57BL/6J mice, Fig. 8 . The tangent stiffness increased, more or less uniformly, in the hyper-lipidic ApoE 2/2 mice as the diet period increased and for all the pressure levels. The incremental elastic modulus was not significantly different between the control animals and the hyper-lipidic ApoE 2/2 for 10 and 20 weeks, with the exception of the upper thoracic zone for the control mice at high pressure levels. Another important difference between the control and hyper-lipidic ApoE 2/2 animals was the evolution of the stiffness with the pressure. For the hyper-lipidic ApoE 2/2 mice, the stiffness increased for all the range of pressures, clearly observed for 40 weeks of diet. However, the stiffness stabilized at high pressure levels, from 125 mmHg upwards, for the controls animals. For all groups at high pressures, the abdominal aorta presented the highest incremental elastic modulus.
Figures 9a, 9b and 9c show the Peterson's Secant (P from 0 to 250 mmHg), Peterson's Elastic (P from 0 to 50 mmHg) and Peterson's Tangent (P from 200 to 250 mmHg) moduli, respectively. The Peterson's Secant and Peterson's Elastic moduli clearly depict the differences between the hyper-lipidic ApoE 2/2 and the control ApoE 2/2 and C57BL/6J mice. The hyper-lipidic ApoE 2/2 modulus increased as the diet period increased. These stiffnesses were higher than the control ones, which were practically constant for all peri- ods. However, the Peterson's Tangent modulus appeared similar among the phenotypes for all the weeks studied, Fig. 9c . Furthermore, the results of the Peterson's Secant and Elastic modulus presented lower dispersion than the Tangent modulus, especially for the control ApoE 2/2 and C57BL/6 mice. Generally, the Peterson's Tangent modulus was higher than the Secant modulus, and the latter was higher than the Elastic modulus. The Peterson's Secant and Elastic moduli, which show the global and low pressure stiffness, respectively, had significant differences similar to those of the stretch-pressure curves. Interestingly, for the Peterson's Tangent modulus, there were significant differences only between 10 and 40 weeks of diet for the upper thoracic aorta (p < 0.01).
Significant Figure 11 shows the axial residual stretches, k L , for the hyper-lipidic ApoE 2/2 , control ApoE 2/2 and C57BL/6J mice. k L for the control ApoE 2/2 and C57BL/6 mice was almost constant, 1.31 ± 0.1123 and 1.306 ± 0.0726 respectively, for the diet periods considered. Nevertheless, the axial residual stretch decreased as the diet period increased from 1.33 ± 0.13 to 1.15 ± 0.095 for 10 and 40 weeks of diet, respectively, for the hyper-lipidic ApoE 2/2 group. Similar axial stretches were found at 10 and 20 weeks of diet for all the strains studied, showing again that the mechanical properties of ApoE 2/2 were not affected by a short diet period. We found substantial differences between the axial residual stretch of the hyperlipidic ApoE 2/2 and control ApoE 2/2 and C57BL/6J mice after 30 and 40 weeks of diet (p<0:05)and between 10 weeks and 30 and 40 weeks of diet for the hyper-lipidic ApoE 2/2 strain (p<0:05). Peterson's moduli of the aorta at different pressure levels (mean 6 SD). For the comparisons between groups of the same strain, the means of group n and the groups marked with *-n were significantly different with the probability *p < 0.05, **p < 0.005 and ***p < 0.0005, the ApoE 2/2 under hyperlipidic diet and control groups indicated by the letters A, respectively. For the comparisons between both strains at the same diet period, the means which were significantly different are marked with *p < 0.05, **p < 0.005 and ***p < 0.0005. Peterson's Secant modulus (P from 0 to 250 mmHg). Peterson's Elastic modulus (P from 0 to 50 mmHg). Peterson's Tangent modulus (P from 200 to 250 mmHg).
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DISCUSSION
In our work, a linear weight gain was observed in hyper-lipidic ApoE 2/2 mice from the first week of a diet, with most of these mice becoming severely obese. However, the gain in body weight of the control ApoE 2/2 and C57BL/6J mice remained constant from 10 to 40 weeks. Hirano et al. 18 reported that plasma insulin, glucose and cholesterol levels were elevated by 213, 23, and 51%, respectively, in obese ApoE 2/2 mice aged 15 weeks, which is directly related to the development of atherosclerosis.
Because the time scale of plaque development differs along the aortic tree, morphological evaluations of plaque development must take this into account. Observations of ApoE 2/2 and C57BL6J mice maintained on hyper-lipidic and regular chow showed that for hyper-lipidic ApoE 2/2 mice plaques began to appear in the same zones of the aortic root at about 17 weeks of age and increased in size rapidly with time. At about 47 weeks the growth rate of mature plaques (a) (b) FIGURE 11 . (a) Axial residual stretch for all the subgroups considered (mean 6 SD). For the comparisons between groups of the same strain, the means of group n and the groups marked with *-n are significantly different with the probability *p < 0.05, **p < 0.005 and ***p < 0.0005. The ApoE 2/2 and control groups are indicated by the letters A, respectively. For the comparisons between both strains after the same diet period, the means which are significantly different are marked with *p < 0.05, **p < 0.005 and ***p < 0.0005. (b) Representative ex vivo image for ApoE 2/2 at 30 weeks of diet. increased, and atheroma plaques were found along the whole aortic tree, while no evidence of atheroma plaque was found for the control mice fed with regular chow. This correlated with the morphological observations presented here. These atheroma plaque distribution results are consistent with those found by Hoyt 20 or Chiu and Chien 6 amongst others. Plaques after 30 weeks and especially 40 weeks of hyper-lipidic diet reached an advanced stage. A broad lipid-rich atherosclerotic lesion was observed by means of Oil Red stain. 41 These lesions also showed inflammatory reactions, a high presence of collagen deposition and evidence of neovascularization. This can indicate an advanced development of the lesions. Pelisek et al. 26 found a close association between neovascularization, expression of VEGF, inflammation, and plaque vulnerability in patients with advanced carotid stenosis. Collagen fibers were clearly observed in a Masson's Trichrome image stained in blue. A standard distribution was depicted in the adventitia layer as disorganized collagen bundles and in the internal lamella of the media layer following the structure of muscle and elastin fibers. However, a pathological area of an extensive collagen deposition was located in the fibrous cap of the lesion surrounding the lipidic core. Some sparse collagen distributions were also present inside the lipid core showing the progression of the disease. IHC against CD68 antibody showed the presence of macrophage-like cells under the lipid core of the plaque at the tunica media (see magnification). This also demonstrated a clear inflammatory reaction highlighted in some zones of the plaque. CD68 expression was higher in the interface between the lipid core and media layer, especially at the internal angles of the lipid core, evidencing a continuous progression of the plaque. The presence of many macrophages indicated a chronic inflammatory reaction, accompanied by changes in the cells and the extracellular matrix of connective tissue. The presence of VEGF was especially significant under the neoendothelium and at the fibrous cap, see Figs. 5c and 5d. As VEGF serves as a marker of the neovascularization and angiogenesis phenomena appearing in the plaque formation, it reflected an advanced stage of the lesion. VEGF was observed in plaques after 30 weeks of hyper-lipidic diet, even more so after 40 weeks.
The present work also characterizes the mechanical behavior of the aortic wall of ApoE 2/2 mice affected or not by atherosclerosis and C57BL/6J mice for different periods of diet. This is an original experimental work which may be considered as a step forward for the understanding of how atherosclerosis quantitatively affects the elastic response of blood vessels. To the best of the author's knowledge, no study with all these characteristics can be found in the literature.
Only Agianniotis and Stergiopulos
1 have compared the mechanical properties of young 10-12 week-old ApoE 2/2 mice without fat diet vs. C57BL/6J wild-type mice by extension-inflation mechanical tests. The measured pressure-stretch curves were marked by the wide variability caused by the highly variable composition of the aortic wall, which determined the mechanical response of the aorta tissue. In addition to this feature, the study of the pressure-stretch behavior showed very clearly the different behavior of the aortic tissue belonging to ApoE 2/2 and control mice at low axial stretches. Our results present slight differences with respect to the studies of Ref. 1 and many others in the literature. 36, 37 However, our experimental results are very similar to the results obtained by Refs. 14 and 15. This is due to the fact that the testing in Refs. 14 and 15 and our work was performed in in situ as opposed to ex vivo experiments. During the in situ experimental test, the aorta from the aortic valve to the common iliac bifurcation was then carefully exposed on the anterior portion leaving the posterior portion attached. However, in ex vivo experiments, aorta are excised, cleaned and mounted to a biomechanical testing device. By leaving the aorta attached on the posterior side, additional boundary conditions are included that are neglected in the ex situ experiments were the external surface are free. In situ results are of interest in the context of comparison with the more traditional ex vivo method of testing because in situ conditions better reproduce the physiological conditions of the tissue. In situ conditions can not replicate the ex vivo behavior, and it would be desirable to quantify the differences under the ex vivo situation in order to isolate variables involving connective tissue. Observed changes in mechanical behavior could be not only ascribed to changes in the arterial wall without first ruling out that the change in behavior is a function of altered connective tissue.
The equivalent stiffness results computed by means of Peterson's Secant, Elastic and Tangent moduli can be classified into two groups. The first group, which comprises the results of the secant and elastic moduli, shows an almost linear relationship between the moduli and the diet period. Furthermore, important statistical differences were found between hyper-lipidic ApoE 2/2 and control mice at the same age, as well as between ApoE 2/2 mice at different ages. Agianniotis and Stergiopulos 1 suggested that the collagen fibers were recruited at lower pressures in hyper-lipidic ApoE 2/2 mouse arteries than in their control counterparts, which limits the elastic response of these arteries and results in a stiffer vessel. The second group comprises the results of the tangent moduli. These results are char-acterized by a marked variability and few significant differences were found between the different defined groups. The mechanical behavior of the hyper-lipidic ApoE 2/2 and control mice was similar. Elastic and secant stiffness increased for hyperlipidic ApoE 2/2 mice as the diet period increased, but not the tangent modulus (which was practically constant for all the hyper-lipidic ApoE 2/2 mice groups studied). This fact could possibly be caused by the breakdown of the elastin in the aortic wall of old ApoE 2/2 specimens. Similar behavior was found by Carmeliet et al. 4 and Wang et al. 40 Previous studies suggested that 10% of collagen fibers are engaged at physiological pressure, 13 whereas at higher pressures the vessel becomes progressively less distensible as collagen fibers are recruited to support passive wall tension and restrict aortic distension. With additional increases in the wall strain or stretch ratio, there was little further change in the radius as additional collagen fibers were recruited, accounting for the non-linear nature of vascular elasticity. 29, 43 Therefore, the tangent modulus for hyper-lipidic ApoE 2/2 mice did not vary since the elastin does not contribute to mechanical properties at high pressure levels, and the collagen remains intact. However, the elastic and secant modules for ApoE 2/2 mice, which indicate the stiffness at the pressure ranges where elastin is one of the main components responsible for the resistance to stretch, varied due to the elastin rupture. Similar results were presented by Ref. 12 who found that the pulse wave velocity and the morphology were similar in 6-weekold ApoE 2/2 and wild-type control mice, whereas at the age of 18 weeks, the local pulse wave velocity was significantly elevated in ApoE 2/2 mice. They hypothesized that the pulse wave velocity increment in ApoE 2/2 compared to wild-type control mice matched the fragmentation of the elastic laminae in the arterial wall which was hypothesized to induce early vascular stiffening and which may be promoted by macrophage-mediated matrix degradation. Finally, the differences in the elastic and secant moduli between phenotypes were higher in the upper thoracic aorta. One likely explanation for these data is that the ascending aorta has a greater proportion of elastin than the other parts of the artery.
Axial stretch measurements provided lower values as the diet period increased for the hyper-lipidic ApoE 2/2 mice, but a constant value for the control mice. The structural protein elastin endow endows large arteries with unique biological functionality and mechanical integrity, hence its disorganization, fragmentation, or degradation can have important consequences for the progression and treatment of vascular diseases. 3 Thus, the age and the development of atherosclerotic lesions could cause a decrease in the axial residual stretch in hyper-lipidic ApoE 2/2 mice. Elastin is believed to be responsible for the in vivo axial retraction in arteries. Decreased elastin content with aging, hypertension, and atherosclerosis could be accompanied by a decrease in axial retraction. 36, 37 It should be pointed out that the study presented here has some limitations and that the results could be improved in future works. Although in situ inflation tests try to mimic actual or physiological conditions of arteries, they can only provide pressure-stretch information, and other features such as the strongly anisotropic properties of blood vessels cannot be captured by this type of test. Furthermore, since these inflated tests were performed in situ, the measurement of longitudinal forces, and thus the longitudinal stiffness, can not be assessed. 14, 15 Ex situ inflation tests combined with extension tests could be carried out. However, the control of the liquid leaks in this kind of test is difficult to achieve due to the great number of branches of the aortic root. In addition, the residual axial stretch was determined for the entire aorta, while the mechanical properties were investigated for the upper and lower thoracic and the abdominal aorta separately. The axial stretch of the entire aorta may not have the same value than the thoracic and abdominal aorta stretches measured separately. The abdominal is stretched much more than the thoracic, so the value presented may underestimate the abdominal and overestimate the thoracic values. 15, 16 Finally, circumferential residual stretch measurements were not obtained for all the mice and aortic zones, therefore these data were not presented in this work. Nevertheless, Ohayon et al. 25 measured the circumferential residual stress on ApoE 2/2 mice aged 20, 25 and 30 weeks by means of radially cutting aortic rings. Mechanical testing was performed with intact atherosclerotic plaques, which complicated the interpretation of the data because it was not possible to state definitively that observed changes in behavior were only due to changes in vessel structure. The plaques can influence the mechanical behavior of the vessel and therefore obfuscate results due to the heterogeneous and inconsistent nature of their development. In addition, atherosclerotic plaques can be different. Some of them are fibrotic, some are lipidic, some are calcified, etc. Therefore, we did not include plaque heterogeneity in our segmentation approach. 33 However, Ref. 34 measured the stiffness of the mice plaque and obtained much lower values compared to the vessel wall, so we can assume that the stiffness response is mainly due to the artery wall. In future studies, testing should be performed on the vessel alone in order to minimize the heterogeneous behavior of the set vessel-plaque. The consideration of the thin wall tube hypothesis implied several assumptions, for example that the wall length is thin when compared to the arterial radius, the blood vessel is continuous around the radius or the blood vessel should not have severe reverse curvature. Additionally, the presence of atheroma plaques causes different thickness pointwise throughout the aorta, so we could obtain different stress distribution in an irregularly shaped artery than in a homogeneous one. However we were only able to measure the thickness and the actual irregular section from histological images after extracting the vessel but not during the in-situ experiment. Therefore, although the thin wall hypotheses allows to evaluate an average mechanical behavior of the aorta comparing different strains, ages and diets, it is worth remarking that the inhomogeneous thickness of an atheromatous artery could affect stress estimation. We concluded that age had a very limited effect on the mechanical properties of mouse aorta in our control groups. This may contradict the common notion that arteries get stiffer with age. The main reason for this could be that 40 weeks is possibly not enough to study representative age-related changes in elastic behavior for control groups. Only female animals were considered in the experiment to avoid the sex as another dependent factor in the cross correlations analysis. Although both male and female mice have been extensively used in the literature, many of these studies only take female ApoE 2/2 mice as reference model to study atherosclerosis development. 35 Additional limitations of this study include the limited sample number. All the experiments in this study were performed in accordance with national ethical guidelines and the directives of the European Council (ETS 123) and European Union (Council Directive 86/609/EEC) recommend minimizing the number of animals used in trial experiments. We carried out 5 valid experiments for each age (10, 20, 30 and 40 weeks of diet) and for the hyper-lipidic ApoE 2/2 and the two control groups. Therefore 60 valid experiments were performed in total. We also carried out some invalid tests: 6 animals were ruled out due to the dissection process was inadequate or failed and 5 mice died before the experiment finished. Normality was checked using a Lilliefors test before considering a Gaussian distribution with n = 5 and applying tests for normal distribution.
From a clinical point of view, as far as our knowledge goes, this is the first study that compares the mechanical properties of the aortic tree on different mice strains feeding with different diets for at least 40 weeks. This could allow to evaluate the role of a hyperlypidic diet in the progressive stiffening of the aortic vessel and to correlate with anatomical findings of atheroma plaque appearance.
CONCLUSIONS
This study has three main findings. First, the results indicate that the stiffness of the control ApoE 2/2 and C57BL/6J mice remains constant irrespective of the age. Second, the stiffness of the wall of the hyper-lipidic ApoE 2/2 mice changes as the duration of their diet increases. Finally, the obtained results show changes in the mechanical behavior and in the structural properties of the aorta blood vessel of hyper-lipidic ApoE 2/2 mice as compared to the control groups (ApoE 2/2 and C57BL/6J).
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